The ability of mammals to produce urine hyperosmotic to plasma requires the generation of a gradient of increasing osmolality along the medulla from the corticomedullary junction to the papilla tip. Countercurrent multiplication apparently establishes this gradient in the outer medulla, where there is substantial transepithelial reabsorption of NaCl from the water-impermeable thick ascending limbs of the loops of Henle. However, this process does not establish the much steeper osmotic gradient in the inner medulla, where there are no thick ascending limbs of the loops of Henle and the water-impermeable ascending thin limbs lack active transepithelial transport of NaCl or any other solute. The mechanism generating the osmotic gradient in the inner medulla remains an unsolved mystery, although it is generally considered to involve countercurrent flows in the tubules and vessels. A possible role for the three-dimensional interactions between these inner medullary tubules and vessels in the concentrating process is suggested by creation of physiologic models that depict the threedimensional relationships of tubules and vessels and their solute and water permeabilities in rat kidneys and by creation of mathematical models based on biologic phenomena. The current mathematical model, which incorporates experimentally determined or estimated solute and water flows through clearly defined tubular and interstitial compartments, predicts a urine osmolality in good agreement with that observed in moderately antidiuretic rats. The current model provides substantially better predictions than previous models; however, the current model still fails to predict urine osmolalities of maximally concentrating rats.
Introduction
Humans, like most mammals, are capable of producing urine that is hyperosmotic to their plasma, thereby enabling them to excrete solutes with a minimal loss of water, a process clearly essential to human health and normal daily activity. This urine-concentrating process involves generation of a gradient of increasing osmolality along the renal medulla from the corticomedullary junction to the tip of the papilla (as illustrated for the rat kidney in Figure 1 ) (1) (2) (3) . This osmotic gradient is formed by the accumulation of solutes, primarily NaCl and urea, in the cells, interstitium, tubules, and vessels of the medulla (4) (5) (6) . In the presence of antidiuretic hormone (arginine vasopressin), the osmotic water permeability of the collecting duct (CD) epithelium increases, water moves from the CDs into the more concentrated interstitium, and the osmolality of the CD fluid increases, nearly equaling the osmolality of the surrounding interstitium in maximum antidiuresis.
The mechanism by which the medullary osmotic gradient is generated is only partially understood. Between 1940 and 1960, a series of experimental and theoretical studies (6) (7) (8) (9) appeared to provide a mechanism for generating this gradient. These studies indicated that a small osmotic pressure difference between the ascending and descending limbs of the loops of Henle, generated by net transport of solute, unaccompanied by water, out of the ascending limbs could be multiplied by countercurrent flow in the loops to generate the corticopapillary osmotic gradient ( Figure 1 ). Washout of this gradient would be mitigated by countercurrent exchange in the vasa recta. The processes of countercurrent multiplication and countercurrent exchange for generating and maintaining the medullary osmotic gradient, respectively, are emphasized in most texts on renal physiology.
The classic concept of countercurrent multiplication, although recently challenged (10) , has been widely accepted as generating the osmotic gradient in the outer medulla. Here, the well documented active transport of NaCl out of the water-impermeable thick ascending limbs (TALs) (11, 12) has been shown to be theoretically sufficient to generate the observed gradient (13) (Figure 1 ).
The classic countercurrent multiplication hypothesis, however, has not been accepted for the inner medulla (IM), where the steepest part of the osmotic gradient is generated ( Figure 1 ) but where there are no TALs of the loops of Henle. Although the ascending thin limbs (ATLs) in the IM, like the TALs in the outer medulla, have essentially no transepithelial osmotic water permeability (14-17), they also have no known active transepithelial transport of NaCl or any other solute (16, (18) (19) (20) (21) . If this steep osmotic gradient in the IM is not generated by the same mechanism as the gradient in the outer medulla, how, then, is it generated? Most scientists who study the urine-concentrating process believe that some form of countercurrent multiplication involving the thin limbs generates the gradient. However, there is no accepted mechanism for how a countercurrent multiplication system might work.
The most influential and frequently cited explanation of the urine-concentrating mechanism in the IM is the "passive mechanism" hypothesis proposed simultaneously and independently in 1972 by Kokko and Rector (22) and Stephenson (23) . They hypothesized that separation of NaCl from urea by active transport of NaCl (without urea or water) out of the TAL in the outer medulla provides a source of potential energy for generating an osmotic gradient in the IM (Figure 1 ). They suggested that urea, which has been concentrated in the CDs in the cortex and outer medulla by reabsorption of NaCl and water, diffuses out of the inner medullary CDs (IMCDs) into the surrounding inner medullary interstitium. This increased inner medullary interstitial urea concentration, in turn, draws water from the descending thin limbs (DTLs) and IMCDs, thereby reducing the inner medullary interstitial concentration of NaCl. These processes result in a urea concentration in the interstitium that is higher than the urea concentration in the ATLs, and a NaCl concentration in the ATLs that is higher than the NaCl concentration in the interstitium. NaCl will then tend to diffuse out of the ATLs into the interstitium, and urea will tend to diffuse from the interstitium into the ATLs. If the permeability of the ATLs to NaCl is sufficiently high and to urea sufficiently low, the interstitial fluid will be concentrated as the ATL fluid is being diluted. The increased interstitial osmolality will, in turn, cause water to move out of the CDs, thereby concentrating the urine. We consider this a "solute-separation, solute-mixing" mechanism: "soluteseparation" referring to active NaCl reabsorption without urea in TALs in the outer medulla, and "solute-mixing" referring to mixing of urea diffusing from CDs with NaCl diffusing from the ATLs in the IM (24) (Figure 1 ). This appears to be an elegant model and is described in most renal texts, but its function, as noted above, depends critically on the transepithelial permeabilities of the ATLs to NaCl and urea. Unfortunately, using available measurements of the urea permeabilities, no one has been able to develop a mathematical model that generates a significant axial osmotic gradient in the IM with this initial version of the "passive" mechanism (25).
This failure of the initial passive model has led to the development of many other hypothetical mechanisms and associated mathematical models for urine concentration in the IM. Wexler and colleagues explored, without significant Figure 1 . | Diagram of a single vas rectum and single long-looped nephron, illustrating how classic countercurrent multiplication could produce the osmotic gradient in the outer medulla, and how the "passive mechanism" was proposed to produce the osmotic gradient in the inner medulla (23, 24) . In the outer medulla, active transport of NaCl out of the water-impermeable thick ascending limb (indicated by solid arrows and black dots) creates the small osmotic pressure difference between that limb and the descending limb sufficient for classic countercurrent multiplication to generate the osmotic gradient (approximate osmolalities for rat kidney given by numbers in the black boxes). For the proposed "passive" mechanism in the inner medulla, urea ([urea] ) is concentrated ([urea] ↑ ) in urea-impermeable cortical and outer medullary collecting ducts by reabsorption of NaCl and water (broken arrows indicate passive movement). Urea then moves passively out of the inner medullary collecting ducts via vasopressin-regulated urea transporters (UT-A1, UT-A3; open circles and broken lines) into the surrounding inner medulla interstitium. This increased concentration of urea in the inner medullary interstitium draws water from descending thin limbs (DTLs) and inner medullary collecting ducts (IMCDs), thereby reducing inner medullary interstitial concentration of NaCl ([NaCl] ↓ ). These processes result in a urea concentration in the interstitium that is higher than the urea concentration in the ascending thin limbs (ATLs) and a NaCl concentration in the ATLs that is higher than the NaCl concentration in the interstitium. NaCl will then tend to diffuse out of the ATLs (broken arrows) and urea will tend to diffuse into the ATLs (broken arrows). If the permeability of the ATLs to NaCl is sufficiently high and to urea sufficiently low, the interstitial fluid will be concentrated (producing the osmotic gradient) as the ATL fluid is being diluted. Countercurrent exchange of solutes and water helping to preserve this gradient is indicated in the vas rectum. Segments are numbered according to key.
success, hypothetical mathematical models representing increasing structural complexity, including three-dimensional considerations (26) (27) (28) (29) . Jen and Stephenson (30) demonstrated mathematically that it was theoretically possible for the accumulation of a newly produced or "external" osmolyte in the inner medullary interstitium or vasculature to function as a concentrating agent, and Thomas and his colleagues (31, 32) suggested that lactate might serve such a function. However, such a mechanism is probably insufficient to account completely for the magnitude of the gradient found experimentally (31) . Moreover, no experimental data support the production or addition of such an osmolyte in the IM. Schmidt-Nielsen (33) suggested that contractions of the pelvic wall could serve as a source of energy for the inner medullary concentrating process, and Knepper and his colleagues (34) postulated that hyaluronan could act as a transducer to convert the mechanical energy of the contractions into a concentrating effect. However, this conversion
has not yet been shown to be thermodynamically feasible, and there are no experimental measurements of such a process in the IM. We believe, whatever the specific mechanism by which the urine is concentrated in the IM, that it must take into account the three-dimensional interactions between the tubular and vascular elements within the IM. Although, as noted above, an earlier model failed to demonstrate the significance of the three-dimensional structure (28) , this model was based on very limited knowledge of that structure. Therefore, during the past decade, we have worked to develop a detailed understanding of the three-dimensional relationships of the tubules and vessels in the IM of the rat kidney by analysis of digital reconstructions of these structures produced from 1-mm serial sections (35) (36) (37) (38) (39) (40) (41) (42) . For this purpose, we labeled the various tubules and vessels with antibodies to structure-and segment-specific proteins, usually transporters or channels. We also measured the transepithelial water and urea permeabilities of specific segments of isolated, perfused thin limbs of the loops of Henle (15, 43) . We used the rat kidney in our work because of the enormous amount of physiologic data, including data on the concentrating mechanism, available for this species. However, our preliminary work and studies by others (44, 45) suggest that the three-dimensional relationships in the mouse renal medulla are similar to those in the rat. Our preliminary studies also indicate that rodent and human inner medullary architecture share fundamental similarities. Finally, we have developed several mathematical models to determine how these physiologic and structural features might relate to the concentrating mechanism (24, (46) (47) (48) . In this paper, we briefly review some of the main findings and put them into context with regard to the concentrating mechanism.
Three-Dimensional Reconstructions of Thin Limbs of the Loops of Henle in the Rat Inner Medulla
Our reconstructions of the thin limbs of the loops of Henle extending into the IM (37) revealed unexpected structural and functional features. First, although previous studies had assumed that the DTLs in the IM were highly permeable to water, we found that the DTLs of those loops that have their bends within the first millimeter of the IM (about 40% of the inner medullary loops) fail to express the constitutive water channel, aquaporin-1 (AQP1), throughout their length, and that the DTLs of the longer loops (the remaining 60% of the loops) express AQP1 only for the first 40% of their length; they fail to express it over the remaining 60% (Figures 2 and 3) . Studies with isolated, perfused tubules show, as expected, that segments expressing AQP1 have very high osmotic water permeability, whereas segments failing to express AQP1 have little or no osmotic water permeability (15) . Therefore, a substantial portion of each DTL in the IM is relatively impermeable to water.
Second, the chloride channel ClC-K1 (the rat homolog of human ClC-Ka) begins to be expressed abruptly in the AQP1-negative portion of each DTL about 150-200 mm above the bend, thereby defining a prebend segment, and continues to be expressed throughout the ATL ( Figure  2 ) (37) . The expression of ClC-K1 throughout each ATL apparently reflects the extremely high chloride permeability found in this segment (16) . We assume that the prebend segment has a similar high chloride permeability. AQP1 is not expressed in the prebend segments or ATLs, reflecting the complete lack of osmotic water permeability in the ATLs (15, 16, 42) and, we assume, in the prebend segments as well. Both the DTLs and the ATLs have now been shown to have very high permeabilities to urea, but there is no evidence of known urea transporters to account for these (43, 49) .
Three-Dimensional Lateral and Vertical Relationships of Tubules and Vessels in the Initial Two Thirds of the Rat Inner Medulla
The tubules and vessels within the initial two thirds of the IM are arranged in a highly organized three-dimensional pattern, which we believe is related to their function in the urine-concentrating process. Coalescing clusters of CDs form the organizing motif for the arrangement of both loops of Henle and vasa recta as they descend through the IM (Figure 3, right panel) . DTLs and descending vasa recta (DVR) are arranged outside each CD cluster in the intercluster region between the clusters (Figures 2, 3A, and 4) . They tend to lie about as far as possible from any CD in any cluster. This arrangement continues as tubules and blood vessels descend along the corticopapillary axis (Figure 3 , B-D) (35, 37, 39, 41, 42) . In contrast, the ATLs and ascending vasa recta (AVR) are arranged both inside (intracluster region) and outside (intercluster region) each CD cluster (Figures 2, 4 , and 5A) (39, 40) . In addition, the prebend region of each DTL (which is the same as the ATL in terms of water and solute permeability) is always in the intracluster region ( Figure 2) (36,50) . About 50% of the AVR lie outside the CD clusters, and about 50% lie inside the clusters (41, 42) . About half of those AVR outside the clusters lie next to DVR in an arrangement that appears to facilitate countercurrent exchange, thereby helping to maintain any osmotic gradient established. The other half of the AVR outside the clusters appear to be arranged to move water and solute toward the outer medulla.
The 50% of the AVR that lie in the intracluster region are arranged in a way that suggests that they have a function
quite different from that of the 50% that lie in the intercluster region (39, 41, 42) . Almost all of these intracluster AVR closely abut a CD and lie parallel to it for a considerable distance along the corticopapillary axis (39) . About four AVR on average are arranged symmetrically around each CD (Figures 4 and 6 ) so that about 55% of the surface of each CD is closely apposed to AVR. These AVR, in contrast to those in the intercluster region, have many small capillary branches connecting them to each other and sometimes to AVR in the intercluster region that lie closest to the intracluster region (Figure 2 ). This arrangement facilitates moving absorbate from the CDs in the cortical direction. In the IM overall, there are about four times as many AVR as DVR (42) . The excess AVR facilitate a vasa recta outflow from the IM that exceeds the inflow. This excess outflow returns the water absorbed from the IMCDs during the concentrating process to the cortex (42) .
In the intracluster region, the arrangement of AVR, ATLs, and CDs, when viewed in a cross-section, form microdomains of interstitial space, or "interstitial nodal spaces" (Figures 4 and 6) (39) . As shown, each of these spaces is bordered on one side by a CD (in which axial flow is toward the papilla tip), on the opposite side by one or more ATLs (in which axial flow is toward the outer medulla [OM]), and on the other two sides by AVR (in which flow is toward the OM). These spaces also appear to be bordered above and below by interstitial cells (51) (52) (53) , making them discrete units about 1-10 mm thick. Therefore, these interstitial nodal spaces are probably arranged in stacks along the corticopapillary axis ( Figure 6 ) (39). These confined spaces appear well configured for localized mixing of urea from the CDs with NaCl from the ATLs, and for the movement of these mixed and concentrated solutes to higher regions via the AVR (54) (Figure 4 ) (see below).
Three-Dimensional Relationships of Tubules and Vessels in the Terminal Third of the Rat Inner Medulla
The three-dimensional organization of the tubules and vessels differs substantially in the terminal third of the IM from that in the initial two thirds. In the terminal third of the IM, the organization around the CD clusters markedly diminishes as the CDs continue to coalesce. All the blood vessels show the same structural characteristics. Therefore, except for the vessels that closely abut CDs, which can clearly be identified as AVR, vessels with ascending flow cannot be differentiated from those with descending flow without direct measurements (38) . Moreover, there is no clear arrangement of parallel vessels that would suggest countercurrent exchange (38) . As CDs coalesce and increase in diameter, the number of AVR abutting them increases so that about 55% of the surface area of each CD continues to be closely apposed to AVR (38) . Interstitial nodal spaces still appear to exist, but they decrease in number and increase in size as fewer and fewer loops reach into this region (38) .
At the very tip of the papilla, CD clusters have disappeared as just a few remaining large CDs dominate the region and coalesce to form the terminal ducts of Bellini (38) . The most striking feature in this region, however, is the arrangement of the bends of the loops of Henle. Throughout most of the length of the IM, descending loop segments form a U-shaped configuration, or hairpin bend, immediately before ascending toward the OM, but at the tip of the papilla only about half the loops have this hairpin bend (38) . The remaining loops extend transversely, perpendicular to the corticopapillary axis, before ascending toward the OM. In some loops, this transverse extension literally wraps around the large CDs just before they merge with the papillary surface to form the terminal ducts of Bellini (38) . These wide bends have 5-to 10-fold greater transverse length than the hairpin bends and markedly increase the total loop-bend surface area relative to the CD surface area. This architecture could play a significant role in NaCl delivery and the development of the high osmolality at the papilla tip (55).
Mathematical Model Relating Structural and Permeability Findings to the Urine-Concentrating Process in the Inner Medulla
Over the past 10 years, we have developed a series of mathematical models of the urine-concentrating mechanism in the IM, which have incorporated the new information on the three-dimensional relationships of the vessels and tubules, the sites of transporters and channels, and the tubule permeabilities as this information became available (24, 48, (56) (57) (58) . Here, we consider only the most recent version of these models (46) . This model has the following features: (1) the loop bends are distributed densely along the corticopapillary axis to approximate loops turning back at all levels along this axis. (2) Interconnected regions represent the lateral and vertical relationships of tubules and vessels described above. (3) The high osmotic water permeability along the upper 40% of each DTL, the lack of osmotic water permeability along the lower 60% of each DTL and along the entire length of each ATL, the high NaCl permeability along each prebend and the complete length of each ATL, and the high urea permeability along the complete length of each DTL and ATL are represented ( Figure 7) . (4) The wide-bend loops at the tip of the papilla are also represented.
In the operation of the model, urea and water diffuse out of the CDs, as in the original Kokko and Rector (22) and Stephenson (23) model (Figure 7) . Also, as in that model, this reduces the NaCl concentration in the interstitium, establishing a gradient for NaCl diffusion out of the loops of Henle (Figure 7) . However, in contrast to the original model, this diffusion of NaCl occurs primarily out of the prebend regions and to a similar distance up the ATLs (Figure 7) . The delivery of NaCl into the interstitium at the tip of the papilla occurs from the wide-bend loops over a very short axial distance. The diffusion of urea and water from the CDs and of NaCl from the prebends and ATLs occurs in the intracluster region, with the mixing of solutes occurring in the interstitial nodal spaces (Figure 4) . This mixed and concentrated absorbate is then 1785 moved to less concentrated spaces at higher levels via the AVR bordering these spaces (Figure 4) . In contrast to the original model, there is no movement of NaCl or water into the lower 60% of each DTL (Figure 7) . However, the high urea permeability of both thin limbs results in significant diffusion of urea into the DTLs and the lower part of the ATLs and out of the upper part of the ATLs so that the loops act as countercurrent exchangers (Figure 7) . This model predicts a urine osmolality (;1200 mOsmol/ kg H 2 O), Na + concentration, urea concentration, and flow rate in reasonable agreement with those measured in moderately antidiuretic rats (59) ( Table 1 ). The model also predicts an osmolality at the tip of the longest loop in the IM similar to that in the urine and essentially equal to that measured experimentally (Table 1 ). In these respects, the model predictions are substantially better than the original passive model. However, this model, as long as it incorporates the high urea permeabilities measured in the thin limbs, does not predict the known increasing axial Na + gradient along the loops. This leads to a predicted urea concentration higher than the Na + concentration at the tip of the longest loop, the opposite of the relationship measured experimentally (Table 1) . Moreover, neither this model nor any other has yet been capable of generating a urine osmolality similar to that in a maximally antidiuretic rat (;2700 mOsmol/kg H 2 O).
Summary
The urine-concentrating process in the mammalian kidney depends on the generation of an interstitial osmotic gradient from the corticomedullary border to the papilla tip, thereby providing the driving force for water absorption from the CDs during antidiuresis (Figure 1 ). In the OM, this osmotic gradient is generated by countercurrent multiplication within the loops of Henle, driven by the active transepithelial reabsorption of NaCl in the TALs (Figure 1 ). However, in the IM, the region in which the steepest osmotic gradient is generated, there are only ATLs, and there is no active transepithelial reabsorption of NaCl or any other solute by these structures (Figure 1) . Thus, the mechanism by which the IM osmotic gradient is generated is a perplexing problem that has challenged renal physiologists for over half a century.
Early studies on inner medullary thin limb function in rats indicated that:
c DTLs are permeable to water. c ATLs are impermeable to water, but highly permeable to NaCl. c DTLs have low-and ATLs have moderate urea permeabilities.
Recent studies on inner medullary thin limb function, structure, and three-dimensional organization have modified these findings or added new ones as follows:
c Upper 40% of each DTL expresses AQP1 and is highly permeable to water. In an initial passive model for developing the IM osmotic gradient and concentrating the urine (22,23) , urea, which has been concentrated in the cortical CDs and outer medullary CDs by NaCl and water reabsorption, diffuses out of the IMCDs and draws water from the DTLs and IMCDs, thereby reducing the NaCl concentration in the IM interstitium and establishing a gradient for NaCl diffusion out of the ATLs to establish the interstitial osmotic gradient (Figure 1) . However, this model failed to concentrate the urine when analyzed mathematically. In our most recent model (46) , urea and water still diffuse out of the IMCDs, thereby reducing the interstitial NaCl concentration and establishing a gradient for NaCl diffusion out of the loops of Henle (Figure 7 ). However, with the new information available, this diffusion of NaCl occurs primarily out of the DTL prebend regions and to a similar distance up the ATLs (Figure 7 ). It also occurs from wide-bend loops over a very short axial distance at the tip of the papilla. NaCl from the loops and urea and water from the CDs are mixed and concentrated in the interstitial microdomains surrounding the CDs. Because the loops have very high urea permeabilities, they act as countercurrent exchangers for urea. When analyzed mathematically, this model now produces a urine concentration and tubule fluid concentration at the tip of the longest loops in good agreement with those measured in moderately antidiuretic rats. However, the model fails to produce a maximally concentrated urine or the appropriate interstitial axial Na + gradient. Thus, it does not yet reflect the true physiologic operation of the urine concentrating mechanism in the IM. Figure 1 to illustrate the unique permeabilities and solute fluxes of current solute-separation, solute-mixing passive model for concentrating urine. Thick tubule border indicates AQP1-null, water-impermeable segment of DTL as well as waterimpermeable ATL and TAL. All arrows and symbols are as defined in Figure 1 . The AQP1-null segment of the DTL is essentially impermeable to inorganic solutes and water. In this model, both the ATLs and the DTLs (including the AQP1-null segment) are highly permeable to urea. In contrast to the original passive model, passive NaCl reabsorption without water begins with the prebend segment and is most significant around the loop bend. Also, in contrast to previous models, urea moves passively into the entire DTL and early ATL, but as this urea-rich fluid further ascends in the ATL, it reaches regions of lower interstitial urea concentration and diffuses out of the ATL again. Thus, the loops act as countercurrent exchangers for urea. 
